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ABSTRACT
STUDY OF THERMAL HISTORY IN HOLLOW CYLINDER
UNDER LASER-ASSISTED MACHINING PROCESS
USING FEM
Mujahid Mohiuddin Mohammed, MS
Department of Mechanical Engineering
Northern Illinois University, 2017
Dr. Iman Salehinia, Thesis Director

Ceramics are brittle material and possess lower toughness when compared to metals. This
brittle nature results in formation of cracks and cutting tool fracture when tried to machine
conventionally. Thus, diamond grinding was the only method of processing ceramics until the
development of laser-assisted machining (LAM). In LAM, a laser is used to locally raise the
temperature of the surface of the component which is later machined conventionally. LAM yields
higher material removal rate and superior surface finish while reducing the total machining cost.
At elevated temperatures ceramics act as a ductile material thereby enabling plastic deformation
and generation of continuous chip. Temperatures attained during LAM process have a huge impact
on the end results; i.e., low temperatures lead to the formation of cracks whereas extremely high
temperatures cause a change of microstructure. Thus, a study of thermal history is of utmost
importance in LAM and performing such study through finite element method (FEM) would help
in predicting the temperature distribution in the sample. The temperature distribution is highly
affected by the laser power, laser spot size, preheat time, translational velocity and rotation speed
of the workpiece. Extensive research has been performed on LAM of solid cylinder both
experimentally and theoretically but there hasn’t been any research on LAM of hollow cylinders.

A study of temperature histories for a hollow cylinder was performed in this research to
analyze its variation of temperature along the depth and distribution of temperature with varying
depth. The employed procedure was verified with the available data in the literature, either for
solid or hollow cylinders.
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NOMENCLATURE
P

Laser Power

Ls

Laser Spot Diameter

N

Workpiece Rotation Speed

Fr

Feed Rate/ Laser Translational Velocity

tp

Preheat Time

HF

Heat Flux

Tr

Time for One Full Revolution

ro

Outer Radius of the Workpiece

ri

Inner Radius of the Workpiece

L

Length of the Workpiece

α

Absorptivity of Silicon Nitride

k

Thermal Conductivity of Silicon Nitride

ρ

Density of Silicon Nitride

cp

Specific Heat of Silicon Nitride

qconv
φl

Convection Heat Loss
Angular Lag Between Laser and Tool

TMR-Max

Maximum Temperature at Material Removal Plane

TMR-Min

Minimum Temperature at Material Removal Plane

CHAPTER-1
INTRODUCTION

1.1. Motivation

Development of high-tech machinery and products derived from them is mainly dependent
on the material being utilized in their fabrication. Materials are chosen based on the requirements
that need to be fulfilled under the working conditions. Some conditions may require the material
to be lightweight while some require high wear resistance or ability to absorb high stresses at
elevated temperatures. Another important criterion apart from its properties which hinders the
material selection process is the machining process utilized to produce a finished product.
Conventional machining processes in some cases restrict the full-scale use of better material which
when utilized can contribute to the efficiency and life of the product or machine. One such case is
the machining of advanced ceramics, which restricted its utilization in the market and paved a way
for large-scale use of metals. Now, hybrid machining processes are being developed to increase
the use of ceramics in the market to utilize its benefits over metals. This research is focused on
laser-assisted machining, a hybrid machining process, and the major parameters needed to be
controlled for efficient machining of ceramics.
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1.2. Metals

Metals and it’s alloys are the most common material used in manufacturing industry having
diverse applications. Metals are not only used to make finished products but also used in the
machinery required to manufacture the products. Their use can be seen in small tools and
machinery like knives, screwdrivers, and bicycles to heavy-duty tools and machines like lathe,
milling, automobiles, power generation turbines and spacecraft. Such wide range of applications
is derived based on its material properties, i.e., density, strength, thermal conductivity, toughness,
ductility, and malleability, etc. Metals lack the ability to resist corrosion by undergoing a chemical
reaction with the environment. This leads to failure of the product over time. Another major
limitation of metal is its ability to withstand high temperatures without undergoing a change in
microstructure. These drawbacks of metals have a negative impact on the life of the product,
resulting in the need for a replacement which accounts for the economic value of the product. One
possible solution is the use of advanced ceramics instead of metals.

1.3. Advanced Ceramics

Advanced ceramics or engineering ceramics or structural ceramics has higher strength,
lower toughness, lower density, high corrosion resistance and ability to withstand high
temperatures when compared to metals. Thus, these ceramics have found application in various
industries ranging from automobiles to aerospace, power generation, ballistic equipment, medical
instruments and prosthetics. Advanced ceramics are generally oxides, nitrides and carbides of
aluminum, boron, silicon, titanium, and zirconium (Taylor , 2003). Disc brakes of high-speed
automobiles are made from silicon carbide, Boron oxide is widely used for manufacturing body
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armor, titanium carbide is used in spacecraft’s re-entry shield. Metal cutting tools, valves, and
knives are made of partially stabilized zirconia, and silicon nitride is used in manufacturing
automobile bearings and biomedical implants (Taylor , 2003).

1.4. Development of Laser Assisted Machining

Development of advanced ceramics was started in the second half of the twentieth century.
Advanced ceramics were initially synthesized by sintering fine ceramic powder in a mold of the
desired shape at high temperatures. The powder turns into a solid compound after successful
sintering, yet there is a need to machine the sintered product to reach the desired level of
dimensional accuracy and surface roughness. Ceramics being brittle materials could not be
machined conventionally like metals on lathe or milling machines due to fracture of the sintered
ceramic block (workpiece) on contact with the cutting tool. Only possible option to machine
ceramics available was diamond grinding, which had a low material removal rate and high tool
wear. This was a major drawback holding back the large-scale use of ceramics in commercial
products, as diamond grinding would increase the cost of the product. About 75-80% of the
component cost would be required for diamond grinding, making the process highly uneconomical
(Brecher, Rosen, & Emonts, 2010). This required development of a hybrid machining process in
order to machine ceramics effectively. Thus, thermally assisted machining (TAM) process was
developed. In TAM the component is heated with an external heat source raising the temperature
of the component. This increase in temperature makes ceramic act like ductile material thereby
enabling plastic deformation (Yongho & Choon, 2012). Various methods used to heat the
component were oxyacetylene torch, induction coil, plasma and laser.
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The TAM process in which laser is used as an external heat source is called laser-assisted
machining (LAM). In LAM, a laser strikes on the surface of the ceramic to raise its temperature
locally, lowering the yield strength of the ceramic below its fracture strength that makes the
material ductile to perform machining operation producing continuous chip (Yongho & Choon,
2012). LAM can be carried out on any conventional milling or lathe machine when it is equipped
with a laser to heat up the target spot. LAM provides higher material removal rate and superior
surface quality. The temperature raised during this process is of major concern as achieving
extremely high temperatures results in a change in the microstructure of the material and relatively
low temperature would result in fracture of the workpiece (ceramic sample) as the material is still
brittle in nature (Chryssolouris, Anifantis, & Karagiannis, 1997). The temperature raised on the
workpiece is governed by a number of operating parameters: laser power (P), laser spot size (d),
workpiece rotation speed (N), laser feed rate (v), preheat time (tp), and size of the workpiece (D)
(Rozzi, 1997). Thus, it is extremely hard to predict the appropriate parameter set to achieve the
required temperature. Numerical models help in determining the temperature achieved in the
workpiece without actually performing the machining process physically.

1.5. Literature Review

Research on laser-assisted machining has been going for two decades in order to
understand the behavior of ceramics undergoing machining at elevated temperatures. Experimental
studies were conducted on different types of ceramics being processed through various types of
machining processes depending on their geometries. Similarly, numerical models were developed
for different cases to predict the temperatures and stresses induced in the ceramic.
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Zhang and Modest (1998), while studying the effectiveness of laser machining of ceramics,
conducted experiments to record the absorptance of the ceramic for the wavelength of the laser as
a function of temperature. The temperature studied ranged from room temperature to machining
temperature, which is extremely high for laser machining. The experiments were conducted by
holding the sample inside an integrating sphere that was heated by a Nd:YAG or a CO2 laser having
wavelengths 1.06µm and 10.6µm respectively. The reflectance of the ceramic was measured
through focused probe laser and temperature was monitored through a high-speed pyrometer.
Nd:YAG of 1.06µm showed a uniform absorptance of 0.83 throughout the temperature range for
silicon nitride, silicon carbide, graphite, and alumina (Figure 1).

Figure 1: Absorptance of silicon nitride for CO2 and Nd:YAG laser (Zhang & Modest, 1998).

Estibaliz et al. (2009) conducted Hertzian contact test on a sample of silicon nitride and
developed a finite element model to study the effect of temperature on the yield strength of silicon
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nitride. Contact tests were performed using a universal testing machine (AG-IS 100kN, Shimadzu
Corp., Kyoto, Japan). A vertical split furnace was coupled with the universal testing machine to
raise the temperature of the sample. The indenter used for the test was also made of silicon nitride.
The magnitude of contact stress from the Hertzian stress was provided as input to the FEM model
to plot the stress-strain curve and obtain the yield stress at various temperatures.
The results showed a decrease in the yield stress of silicon nitride with an increase in
temperature. This trend of loss of strength was also seen in alumina and zirconia. Figure 2 gives
the plot of the variation of yield stress with respect to temperature.

Figure 2: Effect of temperature on yield strength (Estibaliz et al., 2009).
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Janvrin et al. (1996) conducted experiments on laser-assisted machining of silicon nitride
with Nd:YAG laser and also developed a three-dimensional heat conduction model to predict the
temperatures. As this work was one of the initial studies towards the modeling of LAM process, it
was based on a lot of assumptions. The radiation and convection heat loss were neglected. Thus,
the temperature on the region covered by laser remains constant. The variation of temperature
along the radial direction was also neglected. The properties of silicon nitride were considered to
be temperature independent. This model was developed on finite difference method and the results
were not accurate enough to have a good understanding of the effect of operating parameters on
the LAM process. This model was mainly developed to identify the optimum rotation speed to
raise the temperature to cut the material.

Brecher et al. (2010) performed laser-assisted milling of silicon nitride for a rectangular
block. The spindle holding the polycrystalline diamond (PCD) cutting tool was modified to carry
the fiber-coupled laser in its interior. A set of two high-reflection mirrors were used to divert and
focus the laser spot ahead of the cutting tool, thereby locally raising the temperature of the surface
prior to machining. A control mechanism was deployed which calculated the chip thickness, which
is affected by the operating parameters, to ensure homogeneous material plasticization in the
heated surface. Cutting forces, tool wear, and surface quality were compared for conventional
milling process and laser-assisted milling process Figure 3. Huge drops in the all the components
of cutting forces were recorded (cutting force Fc-73%, lateral force Fln- 90% and passive force Fp75%). Superior surface quality was achieved with laser-assisted milling process throughout the
sample (workpiece). Examining the cutting tool using a scanning electron microscope revealed a
considerable decrease in the tool wear (flank wear), which accompanies an increase in tool life.
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Figure 3: Comparison of cutting forces, tool wear and surface quality (Brecher et al., 2010).

Shen (2010) developed a three-dimensional transient thermo-mechanical model to analyze
the temperature and stresses induced in the workpiece. Finite element method was the governing
tool in the model. The workpiece was 16mm long, 4mm wide and had a height of 3mm.
Convection and radiation were the modes of heat loss to the surrounding through the external
surface. The effect of laser power, laser beam diameter, preheat time and translating speed on the
temperature induced was studied. It was concluded that optimum preheat time is the minimum
time required to rise the temperature in the cutting zone above its glass transition phase. Slower
translating speed along the length will help in maintaining the temperatures induced at desired
level, whereas higher transition speed will lead to a drop in the induced temperatures.
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Similarly, the effect of the laser power, laser beam diameter and translating speed on the
induced thermal stresses was also studied. It was observed that at lower translating speeds the
stress induced is higher. Increase in laser beam diameter and a decrease in laser power help in
lowering the induced compressive stress in the workpiece.

Jihong, et al. (2010) studied the process parameters affecting the heat-affected zone formed
during the laser-assisted machining of the Ti6Al4 alloy. Three-dimensional finite element model
with a Gaussian heat flux distribution was developed for a rectangular block and its results were
verified through experiments. Emissivity and absorptivity of the Ti6Al4 alloy were determined
through experiments and later incorporated in the finite element model. A close correlation
between the results of finite element model and experimental results was achieved especially at
temperatures above 980°C where heat-affected zone is formed. Laser power showed a directly
proportional relationship with the width and depth of heat-affected zone, whereas laser spot size
and translation speed (feed rate) showed an inversely proportional relationship.

Singh et al. (2013) developed a three-dimensional finite element model of orthogonal and
oblique machining of AISI D2 Tool Steel through the laser-assisted machining process. DEFORM
3D software package working on finite element was used as the tool to develop the model. Johnson
Cook constitutive material model was used to predict the flow stress as a function of strain and
strain rate. Parametric simulations were carried out for cutting tool nose radius, rake angle and
cutting speed (translating speed) for variation of laser power and cutting force. It was concluded
that the cutting and thrust forces decrease with an increase in rake angle and increase with an
increase in the cutting tool nose radius.
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Pfefferkorn et al. (2004) performed several experiments and developed a numerical model
for laser-assisted machining of partially stabilized zirconia. The sample was cylindrical in shape
and was machined through turning process. The 1.5kW CO2 laser was coupled with a CNC lathe
to perform the experiments and a pyrometer was used to record the surface temperatures. The
amount of cutting forces required for material removal was recorded through a dynamometer.
Effect of laser power, feed rate and depth of cut on thermal histories was studied. The variation of
specific cutting energy for various laser powers was also recorded. This study also performed a
comparison of LAM of mullite and silicon nitride with partially stabilized zirconia.

Panuganti (2009) conducted experiments for the laser-assisted turning of silicon nitride to
determine the effect of operating parameters on the temperatures induced in the workpiece. This
study considered the cases of bulk pre-heating where the whole workpiece’s temperature was
raised to 100°C, followed by localized heating through laser. Bulk preheating didn’t have a
significant impact on the maximum temperature induced, whereas an increase in operating
parameters like rotation speed and laser spot size observed a decrease in maximum temperature.

Xuefeng Wu et al. (2009) used finite element method to perform a three-dimensional
thermal analysis for laser-assisted machining of ceramics. The workpiece undergoing pre-heating
through a laser prior to machining was of 15mm in diameter and 25mm in length. The workpiece
modeled was solid and discretized to produce adaptive mesh (producing a finely discretized
element near the laser spot) to improve the accuracy of results. Temperature histories at an angular
lag of 30 and 45 degrees from the laser position were compared with that of temperature histories
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of location underneath the laser (location of maximum temperature). A method of selecting the
process parameters was determined which considered the limitation of system hardware, thereby
restricting the rotational speed, laser power and laser spot size whose effects were compensated
by the pre-heat time and depth of cut.
The objective of this research was to study the temperature history in a hollow ceramic
cylinder (ceramic tube) undergoing laser-assisted machining process. All the research carried out
on laser-assisted machining of ceramics either considered a solid rectangular geometry or a solid
cylinder geometry depending on the machining process. There is no other research either
experimental or analytical that accounted for the effect of various operating parameters on the
temperatures induced in a hollow geometry. An understanding of temperature distribution for
various operating parameters in a hollow ceramic cylinder was developed to account for the
absence of the excess volume of material in the core of the sample for a hollow cylinder model. A
hollow cylinder also experiences heat loss through convection and radiation on its inner surface.
The effect of a change in the thickness of the geometry on temperature induced was also addressed.

CHAPTER-2
MATHEMATICAL FORMULATION

2.1. Problem Statement

To perform laser-assisted machining, the temperature of the ceramic is required to be in its
glass transition phase range. For the yttrium silicon aluminum and oxy-nitride (YSiAlON) group
of ceramics, the lower bound for this range is 920-970°C (Rozzi, 1997). If the temperatures
induced in the workpiece are lower than the glass transition phase range, performing machining
could result in crack formation or brittle fracture of the workpiece or the cutting tool. On the same
lines, extremely high temperatures are also not advisable as they could cause an alteration in the
microstructure of the ceramic or surface hardening (Chryssolouris, Anifantis, & Karagiannis,
1997). Thus, the study of the induced temperature in a workpiece and the parameters influencing
it are required to predict optimum operating conditions. This study was performed by developing
a finite element model to predict the maximum temperature induced in the workpiece for various
operating parameters (laser power, laser spot size, rotation speed, feed rate and preheat time).
Silicon nitride was the ceramic type used to perform the study.

2.2. Mathematical Model

Various thermal processes occur simultaneously while performing LAM. These processes
are influenced by the operating conditions and highly affect the temperature distribution in the
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workpiece. All modes of heat transfer occur during the LAM. Heat conduction takes place within
the volume of the workpiece in all directions (axial, circumferential and radial). Convective and
radiative heat loss occurs from the external surfaces to the environment.

2.3. Assumptions

A few assumptions were made to simplify the model while obtaining results of high
accuracy. These assumptions are as follows:
1. Isotropic material properties were considered
2. Uniform distribution of heat flux was considered
3. Constant absorptivity of the material was assumed
4. Air acts as the convective fluid surrounding the workpiece
5. Effect of radiation heat loss has been neglected
6. Thermal conductivity and specific heat of the material vary along with the temperature

2.4. Heat Conduction

Thermal conduction of the heat absorbed within a volume is governed by the Equation 2.1

∇. (𝑘∇𝑇) = 𝜌𝑐

𝑑𝑇
𝑑𝑡

(2.1)

Equations 2.2 and 2.3 represent the expanded form of Equation 2.1 in Cartesian (x, y, z)
coordinate system and the cylindrical (r, φ, z) coordinate system respectively. These equations
account for transient three-dimensional heat conduction.
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where ρ, cp and k are the material properties density, specific heat, and thermal conductivity
respectively. ‘ω’ is the angular velocity, ‘T’ is the temperature and ‘t’ is the time.

In its initial condition, the whole model is at a constant ambient temperature (Ta). This is
represented in the form of equation as:

𝑇(𝑟, 𝜑, 𝑧)𝑡=0 = 𝑇𝑎

(2.4)

2.5. Boundary Conditions

1. Along the axial faces at left and right end, convection heat transfer occurs and is
represented as:

𝑘

𝜕𝑇
𝜕𝑧

= 𝑞𝑐𝑜𝑛𝑣

(2.5)

where z=0 for the left end and z=L for the right end. L is the length of the sample (workpiece).
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2. Along the circumferential surface heat, convection takes place except for the region
underneath the laser spot.

𝑘

𝜕𝑇
𝜕𝑟

= 𝑞𝑐𝑜𝑛𝑣

(2.6)

where 𝑟 = 𝑟𝑖 for inner radius and = 𝑟 = 𝑟𝑜 for outer radius.
The convective heat transfer occurs with air as the fluid having convective heat transfer
coefficient as 50W/m-K and room temperature of 25°C is the ambient temperature (Xuefeng,
Hongzhi, & Wang, 2009). Figure 4 shows the schematic of boundary conditions considered for
the finite element model where ‘qllconv’ is the convection heat loss on the external surface, ‘Fz’ is
the axial velocity of laser and ‘φl’ is the angular lag between laser and cutting tool.

Figure 4: Schematic of boundary conditions (Rozzi, 1997).

CHAPTER-3
FINITE ELEMENT MODEL

Software package ANSYS version 17.1 was used to perform the finite element simulations.
The basic sequence of steps involved in creating a finite element model is as follows:

1. Modelling the geometry
2. Defining material properties
3. Discretization of geometry into number of elements
4. Applying the initial conditions to the geometry
5. Applying relevant boundary conditions on the geometry
6. Solving the model

3.1. Modelling the Geometry

The geometry of the workpiece was modeled in ANSYS using the set of modeling tools
under the preprocessor section of the software package. As the study is focused on hollow
cylinders, the basic input requirements (i.e., outer diameter, inner diameter, and the length) are
assigned as parameters, thus making the model dynamic and adaptable to the user’s requirements
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(Table 1). The workpiece was on purpose split into several volumes that are glued together to have
a more flexible control over the discretization of the geometry into elements.
The initial study was carried out on a solid cylinder workpiece to verify the results. The
solid cylinder was also modelled through the similar ANSYS APDL code by providing inner
diameter as zero. Both the solid cylinder and hollow cylinder models have very thin external
volumes which represent the depth of cut region. Figure 5 and Figure 6 show the solid cylinder
model, whereas Figure 7 and Figure 8 represent the hollow cylinder model.

Table 1: Specifications of Solid and Hollow Geometries
Model

Outer Diameter (mm)

Inner Diameter (mm)

Length (mm)

Solid

8.4

0

25

Hollow

8

Varied (6mm, 4mm, 2mm)

15

Figure 5: Front view of solid cylinder model.

18

Figure 6: Isometric view of solid cylinder model.

Figure 7: Front view of hollow cylinder model.
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Figure 8 Isometric view of hollow cylinder model.

3.2. Material Properties

As per the governing equation, density, thermal conductivity, and specific heat were
provided to successfully solve the finite element model. Silicon nitride has a constant density at
elevated temperatures but its thermal conductivity and specific heat change with temperature
(Pfefferkorn, 2010). Thus temperature-dependent properties were used, which are seen in Table 2,
Figure 9 and Figure 10.

Density: 3200 kg/m3
Absorptivity of Silicon Nitride: 0.8
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Table 2: Temperature-Dependent Thermal Conductivity and Specific Heat of Silicon Nitride.
Temperature (K)

Thermal Conductivity (W/m-K)

Specific Heat (J/kg-K)

296

17.5

643.7

371

17.0

776.8

474

16.7

895.2

573

16.0

968.1

774

15.0

1044.6

873

14.5

1086.6

975

13.6

1115.7

1074

12.8

1137.6

1173

12.1

1157.6

1272

11.6

1172.2

1374

10.9

1183.1

1476

10.1

1190.4

1578

9.7

1199.5

1674

9.2

1206.8

1875

8.2

1210.5

1974

8.0

1214.1
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Variation of Thermal Conductivity with Temperature
20.0

Thermal Conductivity (W/m-K)
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4.0
2.0
0.0
0
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1000

1500

2000

2500

Temperature (K)
Figure 9: Temperature-dependent thermal conductivity of Si3N4.

Variation of Specific Heat with Temperature
1400.0

Specific Heat (J/kg-K)

1200.0
1000.0
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400.0
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Figure 10: Temperature-dependent specific heat of Si3N4.
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3.3. Meshing

To perform the thermal analysis, SOLID70 was chosen as the element type. It is a firstorder three-dimensional thermal element having eight nodes each at a corner (see Figure 11).
Temperature is the only degree of freedom associated with the node.

Figure 11: Solid 70 element in ANSYS.

To capture the accurate distribution of temperature on the surface of the workpiece, the
external volume was mapped meshed for both of the solid and hollow cylinder models. The
circumferential lines were divided into 180 equal divisions making each division 2° on the surface.
The radial face was divided into eight divisions for the solid model, whereas it was divided into
two divisions for the hollow cylinder model. The volume in contact with the external surface was
sweep meshed having the inner circumferential region divided into 60 equal divisions of 6 degrees
each. This was done to decrease the number of divisions towards the center of both solid and
hollow cylinder models. For solid model, the inner core was free meshed to reduce the number of
elements and nodes, whereas innermost volume of the hollow cylinder was again mapped meshed
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to have a uniform division of the geometry, which will help in obtaining the temperature results
throughout the thickness of the hollow cylinder.
Figure 12 shows one of the four parts of the external volume mapped mesh in the solid
model. The innermost volume defined as a core in the solid model is free meshed and can be seen
in Figure 13. The transition volume (sweep mesh) which decreases the number of circumferential
division from the external volume (2° division) to the inner core (6° division) is shown in Figure
14. Isometric and front views of the meshed solid model are seen in Figure 15.

Figure 12: External surface mapped mesh solid cylinder model.
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Figure 13: Freely meshed inner core solid cylinder model.

Figure 14: Sweep meshed transition volume.
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Figure 15: Solid model mesh.
Hollow cylinder model was mapped mesh on the most exterior volume and the innermost
volume to have a perfectly inline node, which helps in studying the temperature throughout the
thickness. The external volume was made very small (0.05mm thick) in order to avoid any
divisions in the radial direction. The external volume has a circumferential division of 1° and the
innermost volume has a circumferential division of 6°. The number of radial divisions on the
innermost volume was set as three. Figure 16 shows the external and innermost volume as mapped
meshed. The transition volume decreasing the number of circumferential division is shown in
Figure 17. Isometric and front views of meshed solid model are seen in Figure 18.
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Figure 16: Inner and exterior volumes mapped mesh hollow cylinder.

Figure 17: Sweep mesh transition volume.
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Figure 18: Hollow cylinder mesh.
3.4. Boundary Conditions and Loading

As discussed earlier in Section 2.2 the whole model at the time of start of simulation is in
equilibrium with the surroundings having a uniform temperature equivalent to the room/ambient
temperature (Ta= 25°C). From Section 2.3 the boundary condition applied to the model is
convection with air having a convective heat transfer coefficient of 50W/m-K. Only the external
surfaces in the circumferential direction and axial direction are subjected to convective heat
transfer. The portion of the surface underneath the laser spot does not experience any convective
heat loss till the time the laser is focused on that location. During that time period, heat flux is
applied at that region to replicate the inflow to heat energy caused by the laser. After the
completion of required time of laser interaction on that spot, it translates along the circumferential
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direction to the adjacent location. A 50% overlap where half of the region from previous loading
condition is also subjected to heat flux was chosen to model the continuous flow of laser on the
workpiece. The whole set of actions involving the application of convection and heat flux on the
surface for a particular time is known as load step in ANSYS. The amount of time representing
the laser interaction time for one load step is calculated through workpiece rotation speed and laser
beam spot size. The heat flux acting on the workpiece was calculated considering laser power and
the laser beam spot size.

𝐻𝑒𝑎𝑡 𝐹𝑙𝑢𝑥(𝐻𝐹) =

𝐿𝑎𝑠𝑒𝑟 𝑃𝑜𝑤𝑒𝑟
𝐴𝑟𝑒𝑎 𝑜𝑓 𝐿𝑎𝑠𝑒𝑟 𝐵𝑒𝑎𝑚

𝑊

(𝑚 2 )

(3.1)

Time for one full rotation (Tr) is calculated from the workpiece rotation speed as:

𝑇𝑟 =

60
𝑊𝑜𝑟𝑘𝑝𝑖𝑒𝑐𝑒 𝑅𝑜𝑡𝑎𝑡𝑎𝑖𝑜𝑛 𝑆𝑝𝑒𝑒𝑑

(𝑠𝑒𝑐)

(3.2)

Time of one full rotation (Tr) represents time for the laser to travel 360° (whole
circumference) on the workpiece. Through proportionality, the time required to travel the angular
distance covered by laser spot is calculated and it is divided by two to obtain the time for one load
step.
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Radiation heat loss through the model has been neglected considering the fact that maximum
temperature always occurs underneath the laser on the surface of the workpiece, which is very
small when compared to the whole external volume of the workpiece. Also, the time period for
which the laser beam is focused on a particular point is in the range of one-thousandth of a second,
which won’t have a huge impact on the temperature results even after neglecting the heat loss
through radiation.

3.5. Mesh Convergence

Mesh convergence was performed for the solid model. When a circumferential division of
higher than the 2° was made, a drop in minimum temperature was experienced that was lower than
the convective fluid temperature (see Figure 19); this drop is not physically possible. A
circumferential division 2° resulted in a minimum temperature that was constant of 298K for initial
load steps, later on increasing gradually (see Figure 20) while steady maximum temperature
occurring underneath the laser spot from one load step to another.
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Figure 19: Minimum temperature for initial load steps for various circumferential divisions.

Figure 20 Maximum temperature for initial load steps for various circumferential divisions.
The number of divisions in the radial direction on the external surface was varied and its
effect on the maximum temperature was converged for eight divisions. The number of axial
divisions didn’t have a huge impact on temperature convergence. The model converged at first
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load-step maximum temperature of 675.7K for 427,323 elements Table 3in the model seen in
Figure 21.
Table 3: Mesh Convergence for Solid Model
S No.

Number of Elements

Maximum Temperature (K)

1

265323

611.1

2

346323

665.8

3

427323

675.7

4

481323

677.2

5

751323

678.9

6

886323

679

Convergence for First Load Step Results
690

680

Temperature (K)

670
660
650
640
630
620
610
600
0

200000

400000

600000

800000

1000000

Number of Elements
Figure 21 Mesh convergence for solid model.
Similarly, mesh convergence was performed for hollow cylinder model. As discussed
earlier, the most outer volume was made only 0.05mm thick to reduce the number of divisions in
the radial direction. So the convergence of the temperature was only affected by the element size
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in the circumferential direction (Table 4). From Figure 22, it was observed that the results
converged for a circumferential division of 1° and an axial division of 80 at a temperature of
826.7K.
Table 4: Mesh Convergence for Hollow Cylinder Model

S No.

Circumferential Number of
Division
Axial
Divisions
0.5
150
0.5
80
1
150
1
130
1
80
2
80
4
80
6
80

1
2
3
4
5
6
7
8

Number of Elements

Maximum
Temperature (K)

388950
259283
207440
187274
111360
63680
46880
43760

826.9
826.9
826.8
826.5
826.7
806
736.5
689

Convergence for First Load Step results for Hollow cylinder model

Maximum Temperatre (K)

850

800

750

700

650

600
0

100000

200000

300000

400000

Number of Elements
Figure 22: Mesh convergence for hollow cylinder model.
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CHAPTER-4
RESULTS AND DISCUSSIONS
4.1. Model Verification

The finite element model developed was verified for the induced temperature with the
experimental results of J.C Rozzi’s doctoral dissertation, “Experimental and Theoretical
Evaluation of the Laser Assisted Machining of Silicon Nitride”. The dissertation contains the
results of several experiments conducted on a silicon nitride workpiece. The workpiece was made
through sintering silicon nitride with alumina and yttria, resulting in 90wt% β-Si3N4 and 10wt%
YSiAlON glass (Rozzi, 1997). The experiments were carried out on a CNC lathe coupled with a
1.5kW CO2 laser. An adapter assembly was used to hold the workpiece at a distance from the
chuck to avoid any unnecessary interaction of lathe chuck with the laser. A fiber-optic, singlewavelength laser pyrometer (Pyrometer Instrument Co., PyroFiber Model 865) was used to record
the surface temperature of the workpiece. The pyrometer was able to measure the temperature
exceeding 650°C. Rozzi also created a numerical model based on the governing equations which
showed a good agreement with the experimental results.
The geometry of the workpiece for Rozzi’s experiment had a diameter of 8.46mm and
length of 57mm (Rozzi, 1997). The workpiece had a hemispherical end of 5.53mm diameter. When
compared to the actual model the finite element is shorter in length and the hemispherical end is
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approximated as a cylinder of length 5.53mm to account for the heat conduction in that region
(Table 5).

Table 5: Comparison of J.C Rozzi's and FE Models

Diameter

Actual Model

Finite Element Model

8.46

8.46

57

25

(mm)

Length
(mm)

Image

Among the various set of results recorded by J. C Rozzi, the thermal histories of three
points at an angular lag of 68° from the laser spot and at various axial locations have been
compared to verify the model (Table 6). The temperature histories correspond to the translation of
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laser along the length of the workpiece without performing any machining on the surface. Figure
23 shows the axial and circumferential location of points M1, M2 and M3 on the workpiece.

Table 6: Axial locations of points M1, M2, and M3 from the left end

Point

M1

M2

M3

Location (mm)

8.33

13.33

18.33

Figure 23: Location of points of interest along the length of the workpiece (Rozzi, 1997).
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Figure 24 is the plot of temperature variation with respect to time for points M1, M2, and
M3. Figure 24 also provides the information about the operating parameters used during the
experiment; i.e., laser power was 500W, the diameter of the laser spot was 3mm, the workpiece
was rotating at a speed of 1000RPM and the laser was translating along the length at a speed of
100mm/min (feed rate).

Figure 24: Thermal histories at point M1, M2 and M3 (Rozzi, 1997).
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The plot from Figure 24 was digitized and used to compare with the temperature results of
the finite element model that can be seen in Figure 25.

Temperature History

2000
1800

M1 Uniform

M2 Unifrom

M3 Uniform

M1 Reference

M2 Reference

M3 Reference

1600

Temperature (°C)

1400
1200
1000
800
600
400
200
0
0

1

2

3

4

5

Time (sec)

6

7

8

9

10

Figure 25: Thermal histories for points M1, M2 and M3 finite element and experimental results.

It can be seen in Figure 25, the thermal histories for points M1, M2 and M3 show trends
similar to that of the experimental results, but the magnitude of temperatures attained for all the
points is considerably higher. These high values of temperatures attained are a result of uniform
heat flux distribution assumption that was considered in the finite element model and the
experimental model had a Gaussian heat flux distribution whose profile was preset as per the
laser’s manufacturer specifications. Thus to verify this theory, a double top-hat heat flux
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distribution was modeled where about 70% of the radius of the laser spot was provided maximum
heat flux while the rest was subjected to a reduced (80%) heat flux. Comparison of heat flux
distribution for Rozzi’s model and double top-hat distribution is seen in Figure 26

Figure 26: Comparison of heat flux distribution in experiment (left) and FE model (right).
Figure 27 compares the thermal histories for points M1, M2 and M3 obtained through finite
element model (uniform heat flux distribution and double top-hat distribution) and the digitalized
plot of the experimental results. Again the trend for the thermal histories obtained for double tophat distribution was similar to that of the experimental results; the magnitude of temperature also
showed good agreement for double top-hat distribution having a maximum relative error of 13.3%.
This difference in the magnitude of results can be minimized by employing the actual heat flux
distribution in the model.

39

Reference Vs FE Results
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9

10

Time (sec)
Figure 27: Thermal histories Comparison for points M1, M2, and M3.

4.2. Effect of Operating Parameters on Hollow Cylinder

The most crucial parameters studied for the hollow cylinder model are laser power (P),
laser spot size (Ls), workpiece rotation speed (N), feed rate (laser translational velocity, Vr) and
preheat Time (Tp). Effect of these five parameters on induced temperatures was recorded. The
study was performed by varying one parameter at a time while maintaining the rest constant. Thus
several cases were created and these are shown in Table 7. In addition to these basic operating
parameters, the effect of thickness on the variation of temperature distribution was also studied.
Table 7 shows the various number of cases studied and which parameters were changed in each
case

40

Table 7: Cases Studied on Hollow Cylinder Model
Case No.

Laser
Power (W)

Laser Spot Rotational
Size
Speed
(mm)
(RPM)

Feed Rate
(mm/min)

Pre-Heat
Time
(sec)

Inner
Diameter
(mm)

1

250

2.8

500

50

10

2

2

250

2.8

500

100

10

2

3

375

2.8

500

50

0

2

4

375

2.8

500

50

5

2

5

375

2.8

500

50

10

2

6

375

1.7

500

50

10

2

7

375

2.8

500

100

10

2

8

375

2.8

1000

100

10

2

9

375

2.8

500

50

15

2

10

500

2.8

250

50

10

2

(Continued in following page)
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Table 7 continued
11

500

2.8

250

100

10

2

12

500

2.8

500

50

10

2

13

500

1.7

500

50

10

2

14

500

2.8

500

100

10

2

15

500

2.8

1000

50

10

2

16

500

2.8

1000

100

10

2

17

500

2.8

500

50

10

4

18

500

2.8

500

50

10

6

19

500

2.8

500

50

10

0

Effect of Preheat Time (tp):
Pre-heat time is defined as the time for which the laser stays at the initial axial location
heating the workpiece without traveling along its length. Cases 4, 5 and 9 vary in the amount of
pre-heat time for the laser. Other processing parameters which were kept constant are laser power
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(375W), laser spot size (2.8mm), workpiece rotation speed (500RPM) and feed rate (50mm/min).
Figure 28 shows the plot of the variation of the maximum temperature of the workpiece with
respect to time for the considered cases. It can be said that the amount of pre-heat time determines
the temperature raised in the workpiece. Higher pre-heat time results in higher temperatures being
induced in the workpiece. While pre-heating the workpiece will the raise the temperature, and then
translating the laser along its length will maintain the temperature achieved. Thus, preheating has
a huge impact on the amount of temperature raised in the workpiece. A lower preheating time
results in lower temperatures induced in the workpiece.

Temperature Vs Time
1600
1400

Temperature (°C)

1200
1000
800

15sec Pre-Heat

600

10sec Pre-Heat

400

5 Sec Pre-Heat

200
0

0

5

10

15

Time (sec)

20

Figure 28: Effect of preheat time on thermal history.
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Effect of Laser Power (P):
Laser power has the highest impact on the amount of temperature induced in the workpiece
as it controls the amount of heat energy being supplied to the workpiece. The heat is supplied to
the workpiece as heat flux which is directly proportional to the power of the laser being used.
Figure 29 shows the plot of the variation of maximum temperature with respect to time for various
laser powers (Cases- 2, 5 and 12 refer to Table 7). Other processing parameters (workpiece rotation
speed: 500RPM, feed rate: 50mm/min, pre-heat time: 10sec and laser spot size: 2.8mm) were kept
unchanged in all three cases. The effect of laser is directly seen in Figure 29 the higher the power
of the laser will result in higher temperature being induced in the workpiece.

Temperature Vs Time
1800
1600

500W

Temperature (°C)

1400
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250W
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400
200
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Figure 29: Effect of laser power on thermal history.
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Effect of Laser Spot Size (Ls):
Heat flux is the mode of energy transfer to the workpiece in the finite element model
replicating the action of laser striking on the workpiece. Heat flux is defined as the amount of heat
energy being supplied per unit area of the laser spot. Thus, it is inversely proportional to the area
of the laser spot. As the radius of the laser spot decreases; the amount of heat energy being supplied
to the workpiece increases exponentially. Cases 5-6 and 12-13 vary only in the laser spot size,
whereas the laser powers (500W and 375W), rotation speed 500RPM, feed rate 50mm/min and
pre-heat time 10sec were kept constant. Figure 30 shows the variation of maximum temperature
with respect to time for the discussed cases (5, 6, 12 and 13). For both the powers 500W and 375W
similar change has been noticed in the amount of maximum temperature with the change in the
laser spot size due to increase in the amount of heat flux being applied.

Temperature Vs Time

2500

Temperature (°C)

2000

1500

500W-1.7mm

1000

500W-2.8mm
375W-1.7mm
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375W-2.8mm
0

0

5

10

Time (sec)

15

20

Figure 30: Effect of laser spot size on thermal history.
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Effect of Workpiece Rotational Speed (N):
While performing machining, the workpiece is rotated at different speeds to facilitate the
type of phase of machining; i.e., in the initial stage when the amount of material to be removed is
high, a lower rotation speed is preferred and in the finish stage a higher speed is used to remove a
thin layer of material and obtain a smooth surface finish. Thus, the variation of temperature in the
workpiece for various rotational speeds has been studied. It was found that for lower rotational
speeds the amount of temperature induced is higher though the trend of variation with time is the
same for higher rotation speeds (see Figure 31). This increase in temperature occurs because at
lower speeds the interaction time of laser for a particular region is more when compared to higher
rotational speed, thereby transferring more heat to the workpiece. Cases 11, 14 and 16 represent
this case where the rotational speed is varied from 250RPM to 1000RPM while the rest of the
processing parameters were kept constant (laser power: 500W, feed rate: 100mm/min, preheat
time: 10sec, laser spot size: 2.8mm).

Temperature Vs Time
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Figure 31: Effect of rotation speed on temperature history.
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Effect of Feed Rate (Fr):
Feed rate or translational velocity is the speed at which the laser and the cutting tool moves
along the axial direction of the workpiece. A lower feed rate will help in obtaining a smoother
surface, whereas some special applications like cutting the thread will require higher feed rate. The
effect of the feed rate of the laser on the temperature-induced has been studied for two different
laser powers (500W, Cases 12 and 14, and 375W, Case 5 and 7). Both the powers showed a similar
trend for different feed rates that were studied. Figure 32 shows the variation of temperature with
respect to time for different feed rates (50mm/min and 100mm/min) at power 500W and 375W
keeping laser spot size 2.8mm, rotation speed 500RPM, and pre-heat time as 10sec. It was noticed
that for a feed rate of 50mm/min the amount of temperature induced in the workpiece stays steady
during the axial translation of the laser on the workpiece, whereas, the higher feed rate of
100mm/min shows a decrease in the temperature that was attained in preheat stage. This drop-in
temperature explains that the feed rate of 100mm/min doesn’t provide enough time to heat the
region axially adjacent to the laser spot on the workpiece and raise its temperature. The distance
of 15mm on the workpiece is covered in 7.32 seconds for a feed rate of 100mm/min, which is
double when compared to the feed rate of 50mm/min.
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Temperature Vs Time
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Figure 32: Effect of feed rate on thermal history.

Effect of Workpiece Thickness:
Different models of varying thickness of workpiece were made to study the variation of
temperature with respect to time. As per the general law of heat convection, the amount of heat
loss is proportional to the surface area in contact with the convective fluid. Thus it is expected a
model with thickness 4mm and 2mm should lose more heat and attain lower temperatures when
compared to the model with 6mm thickness. But this is not the case with the results of finite
element model. This anomaly is seen because the 4mm thick model had less volume when
compared to the 6mm thick model, thereby decreasing the amount of material subjected to the
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same amount of heat energy, eventually resulting in higher induced temperatures. Only the
thickness of the workpiece was changed to study this variation while other parameters were kept
constant as laser power: 500W, laser spot size: 2.8mm, rotation speed: 500RPM, feed rate:
50mm/min and pre-heat time: 10sec. Figure 33 compares the induced temperature for solid, 6mm
thick, 4mm thick and 2mm thick models (Cases 12, 17, 18 and 19). It is noticed as the amount of
volume decreases the induced temperatures in the workpiece increases the percentage of volume
change between 6mm thick and 2mm thick is 53%, whereas the amount of excess temperature
induced in 2mm thick model is 43%.

Temperature Vs Time
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Figure 33: Effect of workpiece thickness on thermal history.
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The variation of temperature along the thickness was studied for 2mm, 4mm, and 6mm
thick models. In order to verify whether similar variation is observed throughout the length of the
workpiece, three different axial locations were chosen and temperatures when the laser was
directly above that location were recorded. This implies that for each location along the axis the
time when the temperature was recorded is different. Cases 12, 17 and 18 are compared here.
Table 8 represents the axial locations from the left end and respective time for those locations.

Table 8: Axial Locations and Time.
S No.

Axial Location

Time

1

3.10mm

12.348sec

2

5.03mm

14.625sec

3

17.26mm

17.263sec

Plots shown in Figures 34, 35 and 36 represent temperature along the Y-axis and the radius
along the X-axis where 8mm is the outer radius and 2mm, 4mm and 6mm are the inner radii for
different models. These plots represent Cases 12, 17 and 18 where only the thickness of the
workpiece changes, whereas the operating parameters are kept as laser power of 500W, laser spot
size of 2.8mm, rotation speed 500RPM, feed rate 50mm/min and pre-heat time 10 seconds.
Figures 34, 35 and 36 show the variation of temperature along the depth at different axial
locations (3.1mm, 5.03mm, and 7.26mm from left end respectively). As seen in Figure 33, the
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2mm thick model has extremely high temperature whose effect is also seen in the temperature
variation along the depth for all the three cases. It was also noticed that the maximum temperature
achieved in 4mm thick model is slightly higher than that of 6mm thick model; a similar effect is
also seen in the variation of temperature along the depth of the models. From these three figures it
is also deduced that there is a region of steep temperature gradient near the external surface of the
material. For the cases considered here, this gradient is observed until a depth of 0.55mm from the
outer surface. Beyond that depth, the amount of temperature variation along the thickness is not of
high magnitude. As seen in Figure 33, the temperature during the laser translation zone is almost
steady, whose effect is also noticed for the temperatures along the depth at various locations.
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Figure 34: Variation of temperature along depth at 3.1mm.
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Figure 35: Variation of temperature along depth at 5.03mm.
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Figure 36: Variation of temperature along depth at 7.16mm.
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Temperature at Material Removal Zone:
Until now the effect of operating parameters on the maximum temperature of the workpiece
which occurs directly underneath the laser spot on the surface of the workpiece was analyzed. It is
not sufficient to just have the temperature at this location in the glass transition phase range, as the
cutting tool travels on the surface of the workpiece with an angular lag from the laser spot. Thus,
it is extremely important to have the temperature of the workpiece well above the required range
for a certain angular section behind the laser position. As machining may result in material removal
of at most 0.5mm thick from the surface, it is required that the temperature up to the desired depth
also lies in the range.
Figure 37 shows a schematic of the material removal plane at an angular lag of ‘ϕt’ from
the laser position. The material removal plane has two main points that represent the extreme
temperature in that region (see Figure 38). TMR-Max is the point of maximum temperature in the
material removal plane; this point exists on the surface of the workpiece. The point TMR-Min
represents the point of minimum temperature in the region of material removal plane which lies at
a distance equivalent to the depth of cut from the surface of the workpiece.
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Figure 37 Schematic of material removal plane at an angular lag from laser (Pfefferkorn et al.,
2004).

Figure 38: Critical points on material removal plane (Pfefferkorn et al., 2004)
The circumferential temperature on the external surface of the workpiece is shown in
Figure 39. The temperature was recorded for load step# 3762 at time 12.538 seconds. This time
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includes a preheat period of 10 seconds. The temperature shown in Figure 39 resulted due to the
operating conditions of the Cases 12 and 17 (laser power: 500W, laser spot size: 2.8mm, rotation
speed: 500RPM, feed rate: 50mm/min, preheat time: 10sec and an inner diameter of 2mm/4mm).
As the feed rate of the workpiece is low it is able to hold on the temperature attained during its
preheating period. It is interpreted from Figure 39 that the laser is at an angular location of 180
degrees on the workpiece surface. The temperature of the angular section that has been traveled
(0°-180°) by the laser during this revolution is higher than that of the region which is yet to be
traveled (180°-360°). It can be interpreted that a region of 50 degrees just behind the laser has
temperature higher than the glass transition phase range for 6mm thick model (Case 14) and for
Case 17 this angular lag is 90 degrees behind the laser. This plot only represents the surface
temperature and provides no information about the temperature at a distance underneath the
surface that is to be removed. Thus temperature at material removal plane is studied with respect
to time.
Temperature Variation on Circumference at time 12.538sec
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Figure 39: Circumferential temperature at T=12.538sec.
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Figure 40 compares the variation temperatures at the critical points on the material removal
plane and the maximum temperature with respect to time for 6mm thick model (Case 12). The
material removal plane for this case was taken at an angular lag of 30 degrees from the laser
position. TMR-Max the maximum temperature at material removal plane is just above the glass
transition phase range (920-970°C), but the minimum temperature which was recorded at a depth
of 0.55mm from the surface does not cross the glass transition phase range. Thus it can be said that
a depth of cut of 0.55mm at this location would result in a brittle fracture.

Material Removal Plane Temperatures at 30 Degree for 6mm
Thickness
1800

Temperature (°C)

1600
1400

1200
1000
800

Maximum Temperature

600
400

TMR-Max

200

TMR-Min

0
0

5

10

15

20

25

Time (sec)

Figure 40: Material removal plane temperatures at an angular lag of 30 degrees for Case 12.

Similarly, the analysis of variation of the temperature of critical points and maximum
temperature with respect to time was performed for Case17 (see Figure 41). The critical points
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were taken on a material removal plane at an angular lag of 30 degrees behind the laser for a depth
of 0.55mm from the surface. It was observed that both the maximum and minimum material
removal plane temperatures are well above the desired glass transition phase range (920-970°C),
which makes a depth of cut of 0.55mm good enough to perform machining for a smooth ductile
material removal with continuous chip.

Material Removal Plane Temperatures at 30 Degree for 4mm
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Figure 41: Material removal plane temperatures at angular lag 30 degrees for Case 17.

A major reason why 4mm thick model was able to achieve a depth of cut of 0.55mm is the
reduced volume when compared to the 6mm thick model even though the operating parameters
were the same for both the cases (laser power 500W, laser spot size 2.8mm, rotation speed
500RPM, feed rate 50mm/min and pre-heat time 10 seconds).

CHAPTER-5
CONCLUSION
A transient three-dimensional finite element model was developed to predict the temperature
profiles in a hollow cylinder workpiece made of silicon nitride. The finite element model
developed was verified for the results of induced temperatures from experimental data. The effects
of laser power, rotation speed, feed rate, laser spot size and pre-heat time on induced temperature
were studied. The variation of temperature for different thickness of the workpiece was also
analyzed.

Effect of Preheat Time:
Pre-heating the workpiece through laser without providing any translation along its length
raises the temperature of the workpiece. After pre-heat time the laser translates axially along its
length. Whether the temperature remains steady, decreases or increases during translation depends
upon the feed rate. Optimum pre-heat time is the one which raises the temperature of the workpiece
to the desired level. A lengthier preheat time would result in excessive heating of the workpiece
whereas, lower preheat time will not induce the desired temperature.

Effect of Feed Rate:
Feed rate or translation speed is the speed at which the laser advances along the length of
the workpiece with time. Higher feed rate resulted in a drop in the temperature attained by the
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workpiece during pre-heat stage as it travels a larger distance and absorbs relatively less energy to
maintain a steady temperature.

Effect of Rotation Speed:
The rotation speed of the workpiece defines the amount of time a particular region on the
surface of the workpiece is being exposed to the laser. Higher rotation speed means lower exposure
of the laser spot on a particular region, which results in lower temperatures being induced in the
workpiece, whereas in vice-versa case, lower rotation speed results in higher temperatures being
induced in the workpiece.

Effect of Laser Power:
Laser power controls the amount of heat energy being supplied to the workpiece. The level
of temperatures induced in the workpiece is directly proportional to the laser power. Higher
temperatures are induced in the workpiece exposed to a high-power laser and vice-versa.

Effect of Laser Spot Size:
Laser spot size affects the amount of heat flux acting on the region representing the laser
spot on the workpiece when the laser power is kept constant. Smaller laser diameter will result in
higher heat flux, thereby inducing higher temperatures when compared to larger laser diameter.
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Effect of Thickness:
Temperatures induced in the workpiece having smaller thickness were higher when
compared to the temperature induced in a workpiece with a larger thickness. The type of variation
is a result of the absence of excess volume that conducts and absorbs heat energy in a less thick
workpiece.

Future Work:
Study of the thermal history and how it is affected by the process parameters in a hollow
cylinder is a first step towards developing a broader understanding of the laser-assisted machining
process for hollow geometries. Further work can be carried out which could be the development
of a finite element model to predict the induced residual stresses and the machining process to
analyze the effect of LAM on the cutting forces. Finite element model can be improved by
minimizing the assumptions considered. Experiments can be performed to verify the results of
finite element model. Temperatures induced in the model can be studied for scenarios which
require performing LAM on the surface defined by the inner diameter of the workpiece (laserassisted boring).
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